A new reaction model, tandem Michael addition/formal isocyanide insertion into the acyl C-C bond, has been developed. Thus, a series of 2-acylpyrroles and seven-/eight-membered ring fused pyrroles were synthesized from the reaction of methyl isocyanides with enones in a single operation.
Introduction
The unique divalent property of the isocyano group, which enables isocyanides to react with electrophiles, nucleophiles, and radicals, has made these molecules especially useful in organic synthesis and materials science.
1 Among the isocyanide-based reactions, 1 isocyanide insertion reactions have attracted extensive attention in the past few decades. 2 A large number of N-heterocyclic compounds have been synthesized, involving isocyanide insertion into a heteroatom-H, 3 C-H, 4 C-O, 5 C-S, 6 C-Si, 7 Si-B, 8 Si-Si, 9 S-S, 10 CvM (M = metal), 11 Pd-C or Pd-heteroatom bond. 2, 12 However, to our knowledge, the reaction involving isocyanide insertion into the C-C bond has not yet been reported. In the preparation of pyrroles based on methyl isocyanides, 1,13 the reaction of tosylmethyl isocyanides (TosMICs) with acceptor-substituted alkenes, known as the van Leusen pyrrole synthesis [eqn (1)], 13a-c is a powerful tool for the synthesis of di-or trisubstituted pyrroles. However, the van Leusen pyrrole synthesis has not yet been used in the preparation of 2-acylpyrroles, because the imidoyl anion formed in this reaction is trapped only by a proton [eqn (1)]. Recently, we reported an interesting extension of the van Leusen pyrrole synthesis for the formation of cyclopenta [b] pyrroles by capturing the incipient imidoyl anion with a tethered carbonyl group [eqn (2) ]. 14 In addition, Cai and co-workers reported the intramolecular trapping of the imidoyl-copper intermediate by an aryl-iodine bond. 15 Inspired by the above results 14, 15 and our continuing interest in developing new heterocyclization reactions with methyl isocyanides, 16 we envisioned that the van Leusen pyrrole synthesis could be expanded to the efficient construction of 2-acylpyrroles if a strained small ring, 17 as outlined in eqn (3), could be formed via Michael addition of methyl isocyanides to enones (to give carbanion intermediate A) and subsequent cyclopropanation (to form the fused 3-membered-ring intermediate B).
14 Then the formation of carbanion intermediate C through a ring opening of the 3-membered-ring of B may occur and finally lead to the corresponding 2-acylpyrroles after the elimination of the tosyl group and subsequent aromatization. Thus, the formal insertion of isocyanide into an acyl C-C bond is possible. Herein, the new concept, tandem Michael addition/isocyanide insertion into the acyl C-C bond, which allows a novel access to polyfunctionalized 2-acylpyrroles and seven-/eight-membered ring fused pyrroles is described. Results and discussion
Initially, we chose (E)-2-benzylidene-3-oxobutanenitrile 1a and TosMIC 2a as the model substrates to optimize the reaction conditions (Table 1) . Firstly, the reaction of 1a (1.0 mmol) and 2a (1.1 mmol) was attempted under the conditions for the synthesis of cyclopenta [b] pyrroles [eqn (2)]. 14 As a result, the 3,4-disubstituted pyrrole, 4-phenyl-1H-pyrrole-3-carbonitrile 4a, was obtained as the only product in 98% yield (Table 1 , entry 1). Further screening of reaction conditions revealed that the 3,4-disubstituted 2-acylpyrrole 3a could be obtained in 73% yield when the reaction of 1a with 2a in acetonitrile was catalyzed by CuCl (10 mol%) in the presence of DBU (1,8-diazabicyclo [5.4 .0]undec-7-ene, 1.1 equiv.) at room temperature for 0.5 h. In this case, 4a was obtained as the by-product in 24% yield (entry 2). In comparison, the yield of 3a decreased with lower CuCl loading (entry 3) or with CuBr and CuI as the catalyst, respectively (entries 4 and 5). The presence of a base is required for the reaction. Catalyzed by CuCl, neither 3,4-disubstituted 2-acylpyrrole 3a nor 3,4-disubstituted pyrrole 4a was detected in the absence of DBU (entry 6, substrate 1a was recovered in 99% yield). In comparison, DBU was a suitable base (entry 2 versus entries 8 and 9) and acetonitrile was the solvent of choice (entry 2 versus entries 10 and 11) for the preparation of 3a. After screening the reaction conditions, it was found that the byproduct 4a could not be completely suppressed.
With the optimal conditions for the preparation of 3a in hand (Table 1 , entry 2), the scope of this tandem Michael addition/isocyanide insertion reaction was explored using various enones 1 and TosMIC 2a. The results are summarized in Table 2 . The α-cyano-α,β-unsaturated ketones 1a-l bearing phenyl (entry 1), either electron-rich (entries 2-4 and entry 12) or electron-deficient (entries 5 and 6) aromatic, heteroaryl (entries 7 and 8), alkenyl (entry 9) or alkyl (entries 10 and 11) group at the β-position gave 2-acyl pyrroles 3a-l in good to high yields. In addition, the ene-diones and analogues 1m-r also afforded the desired products 3m-r in good to excellent yields (entries [13] [14] [15] [16] [17] [18] . Furthermore, 2,3-diaroyl pyrroles 3p-r (entries 16-18) and 2,3,4-triaroyl pyrroles 3s-u (entries [19] [20] [21] were prepared in high yields from the corresponding substrates 1p-u in very high yield without the diaroyl by-product.
On the basis of the above experimental results (Tables 1  and 2 ) and related reports, [13] [14] [15] a possible mechanism for the formation of 2,3,4-trisubstituted pyrroles 3 and the deacetyl (2) opening the 3-membered ring of III results in IV; 17 and (3) loss of tosylate anion followed by 1,5-sigmatropic hydrogen shift to furnish the corresponding 2,3,4-trisubstituted pyrroles 3a.
13a
The formation of 4a may proceed via cyclization of intermediate II followed by the loss of tosylate anion and cleavage of the acetyl group from intermediate V ( path b).
13d
The above tandem Michael addition/formal isocyanide insertion reaction provides a simple and efficient route to 2-acylpyrrole derivatives from acyclic enones 1 (Table 2) . To expand the synthetic utility of this reaction, the reactions of cyclic enedione 5 18 with methyl isocyanide 2 for the preparation of seven-and eight-membered-ring fused pyrroles were tested. However, under conditions such as in Table 1 , entry 2, the reaction of enedione 5a and TosMIC 2a was very sluggish and only 4-tosyl-1-(tosylmethyl)-1H-imidazole (dimer of TosMIC 2a) was produced. This is probably because of the lower reactivity of enedione 5, whereby the copper promoted dimerization of 2a was dominant. 19 After further screening of the reaction conditions, it was found that the treatment of enediones 5 (1.0 mmol), methyl isocyanides 2 (1.1 mmol) and anhydrous K 2 CO 3 (1.5 equiv.) in acetonitrile (15 mL) at reflux temperature could lead to the formation of the seven-membered-ring fused pyrroles 6a-d 20 and eight-membered-ring fused pyrroles 6e and 6f in good to high yields (Table 3) . Significantly, the above cyclic enediones 5 and methyl isocyanide 2 represent a new strategy that provides a simple and efficient route to the construction of medium-ring fused pyrroles 21 through a new process involving one-carbonatom ring expansion along with the isocyanide insertion into the C-C bond.
Conclusion
In summary, we have developed the first example of tandem Michael addition/isocyanide insertion into the acyl C-C bond, which provides an efficient access to polyfunctionalized 2-acylpyrroles and medium-ring fused pyrroles, starting from simple precursors under mild conditions. In addition, this synthetic method for seven-and eight-membered-ring fused pyrroles features a new one-carbon-atom ring expansion along with the isocyanide insertion. Further studies focused on the chemistry of isocyanides insertion into C-C bonds are in progress.
Experimental
All reagents were commercial and used without further purification, unless otherwise indicated. Chromatography was carried out on flash silica gel (300−400 mesh). All reactions were monitored by TLC, which was performed on precoated aluminum sheets of silica gel 60 (F254). Melting points were uncorrected. The 1 H NMR and 13 C NMR spectra were determined at 25°C on a 500 MHz and 125 MHz Varian spectrometer, respectively, with TMS as an internal standard. All shifts are given in ppm. High-resolution mass spectra (HRMS) were obtained using a Bruker microTOF II focus spectrometer (ESI).
General procedure for the synthesis of 3a-u (taking 3a as an example)
To the mixture of 1a (171.0 mg, 1.0 mmol), tosylmethyl isocyanide 2a (215 mg, 1.1 mmol) and CuCl (10 mg, 0.1 mmol) in CH 3 CN (5 mL) in an ice-bath, a solution of DBU (0.165 mL, 1.1 mmol) in CH 3 CN (2 mL) was added dropwise for 5 min while stirring. Then the temperature was allowed to rise to Scheme 1 Proposed mechanism for the formation of 3 and 4. Organic General procedure for the synthesis of 6 (taking 6a as an example)
2-Acetyl-4-(thiophen-2-yl)-1H-pyrrole-3-carbonitrile (3h
To the mixture of 5a (272.0 mg, 1.0 mmol) and tosylmethyl isocyanide 2a (215 mg, 1.1 mmol) in CH 3 CN (10 mL) was added K 2 CO 3 (207 mg, 1.5 mmol) in one portion at room temperature. The reaction mixture was then heated to reflux under stirring, and monitored by TLC. After the substrate 5a was consumed, the resulting mixture was poured into brine ice (30 mL) while stirring and neutralized with diluted hydrochloric acid, extracted with EtOAc (3 × 10 mL). The combined organic layers were dried over anhydrous MgSO 4 , and concentrated under reduced pressure. Purification by flash column chromatography on silica gel ( petroleum ether-EtOAc = 6 : 1) gave 6a (332 mg, 82%). Organic & Biomolecular Chemistry Paper (q, J = 7.5 Hz, 2H), 10.04 (s, 1H). 13 C NMR (CDCl 3 , 125 Hz) δ 14.2, 14.6, 21.6, 25.4, 30.8, 37.6, 43.6, 61.6, 120.2, 128.2 
